Abstract
Introduction
Age-related macular degeneration (AMD) is the leading cause of irreversible vision loss in patients over 50 [1] . Early stage AMD is asymptomatic and characterized by the presence of macular drusen and retinal pigment epithelium (RPE) changes. Drusen are characterized as hard or soft, as well as small (<63 μm), intermediate (>63 μm but <125 μm), or large (>125 μm) [2, 3] . Different population-based studies and clinical trials have indicated that large, soft, confluent drusen are associated with a greater risk for developing advanced AMD [2, 4, 5] . However, as described in clinical and histopathologic studies, large soft macular drusen may even spontaneously regress [2, 6, 7, 8, 9, 10] .
Almost 80% of AMD patients with vision loss have exudative AMD [11] , one of the two forms of advanced AMD (the other being the atrophic), which is characterized by the development of choroidal neovascularization (CNV). When the first eye is affected by exudative AMD, the probability of occurrence of CNV in the fellow eye is around 10-12% per year. There is consistent evidence that high intake of docosahexaenoic acid (DHA; 22:6, n-3), a long-chain omega-3 polyunsaturated fatty acid (PUFA) present in oily fish, is associated with a reduced risk of neovascular AMD [12] [13] [14] [15] [16] [17] [18] . In the Nutritional AMD treatment-2 (NAT-2) study [19, 20] , we hypothesized that targeting lipid metabolism in AMD may be a way of preventing the CNV development.
DHA is an essential fatty acid that, with dietary intake, is incorporated into circulating lipids and body cells along with EPA (Eicosapentaenoic Acid) [21] . It exerts numerous biological effects in vessels and tissues through signal transduction, gene regulation and plasma membrane remodeling [22] . In the retina, DHA increases mitochondrial activity as well as anti-oxidative, anti-inflammatory, anti-apoptotic, and anti-angiogenic effects [23] . It may preserve retinal neuron function and promote their survival as shown in other organs with slow or low cell-renewal (e.g. the aging brain or the post-ischemic myocardium) [24, 25, 26] .
DHA is a major lipid constituent (>50%) of photoreceptor membranes, where it plays a crucial role in maintaining their structural and functional integrity. The continuous renewal of retinal membranes requires a constant supply of omega-3 fatty acids by RPE cells. Diets rich in DHA may improve retinal function and delay the development of advanced AMD [14, 17, 23] . On the other hand, an imbalance in retinal lipids leads to photoreceptor degradation and accumulation of lipid and lipoprotein debris in the RPE layer and sub-RPE space (drusen, for example).
All these properties of omega-3, together with the dynamic nature of drusen, including regression of some drusen, and formation of new drusen (that can occur simultaneously in the same macula) [27, 28] , raise the possibility that treatments such as oral DHA supplements capable of altering drusen morphology may influence disease progression in AMD.
The aim of this study was to evaluate the effects of oral DHA supplement on dynamic remodeling of drusen in the NAT-2 study: a 3-year prospective, single-center, double-blinded, randomized, placebo-controlled trial.
Methods

Clinical Trial declaration
The study was declared to the "International Standard Randomized Controlled Trial Number Register" (after enrolment of participants started, as at that time such declaration was not mandatory) and was allocated ISRCTN98246501 registration number. The authors confirm that all ongoing and related trials for this drug/intervention are registered.
Study Participants
Participants of the NAT-2 study were enrolled prospectively from December 2003 until October 2005 at a single center, the Department of Ophthalmology at the Hôpital intercommunal de Cré-teil (Créteil, France). Eligible subjects were male and female with neovascular AMD in one eye and age-related maculopathy (defined as any drusen with or without pigmentary changes) in the fellow eye (study eye; not affected by CNV at entry). Inclusion criteria were as follows: 1) age 55 and <85 years; 2) signed written informed consent; 3) visual acuity +0.4 LogMAR units in the study eye; and 4) subjects likely to attend follow-up visits during the study period. The main exclusion criteria were as follows: 1) CNV in both eyes or no CNV; 2) wide central atrophy encroaching on the fovea of the study eye; 3) progressive ocular diseases (severe glaucoma or other severe retinopathy); 4) corneal or lens opacities precluding retinal evaluation; 5) serious systemic disease (cancer, stroke, etc.) preventing long-term participation; 6) known allergy to the substances used in the study; 7) anticoagulant therapy or bleeding tendency; 8) current or recent treatment with prohibited medications or nutritional supplements (Maxepa 1 , docosahexaenoic acid, oral supplement containing omega-3 fatty acids; alpha-tocopherol acetate) or any concomitant nutritional supplement; 9) participation in a clinical trial within the last 30 days; 10) history of drug abuse or excessive use of medication; 11) subjects likely to be lost to follow-up or unlikely to comply with the study protocol; 12) monocular subjects for reasons other than AMD; and 13) subjects not covered by the French National Health system or wards of court.
We obtained written informed consent from all participants involved in the study. Subjects were free to withdraw from the study at any time. They could also withdraw or be withdrawn if they experienced serious adverse events, if it was thought that continuing to participate in the study would compromise their health, or if they failed to comply with study protocol. The study was reviewed and approved by the relevant IRB, (16 
Intervention, randomization and blinding, and examination schedule
The study protocol has been previously described elsewhere [19] . In brief, eligible subjects were randomized in a 1:1 ratio to receive 3 capsules daily containing 280 mg DHA each (Reti-Nat 1 , provided by Bausch & Lomb), the effective DHA dose being 840 mg/day, or placebo (602 mg olive oil-since there is no fatty acid with a "neutral" biological effect, olive oil was selected as the placebo because it is part of a staple diet and has no deleterious effect on the retina) for 3 years on an out-patient basis. QL-Ranclin software (Qualilab, France) was used to generate the randomized list prior to enrollment. The subjects and the study personnel were both blinded to the treatment assignment.
Subjects were examined at baseline (Visit 1), 6 months (Visit 2), 1 year (Visit 3), 2 years (Visit 4), and 3 years (Visit 5). At baseline, clinical and ophthalmologic examinations of potentially eligible subjects were checked against inclusion/exclusion criteria. Data recorded included socio-demographic information, relevant ocular and medical history, and concomitant treatment. Biological samples were collected at baseline examination before any supplementation. They included serum lipids and lipoproteins and genetic polymorphisms validated as genetic markers of exudative AMD. Genomic DNA was extracted from 10 mL blood leukocytes as previously described in AMD patients [29] and using the Illustra 1 kit according to the manufacturer's protocol (GE Healthcare) in controls. Genotyping of CFH rs1061170 and ARMS2/ HTRA1 rs10490924 alleles were performed by quantitative polymerase chain reaction allelic discrimination using reagents and conditions from Custom Taqman Single-Nucleotide Polymorphism Genotyping Assays (Applera, Corp, France), using ABI 7900HT (Applied Biosystems). Quality control of genotyping by Sanger sequencing and bioinformatics analysis were performed as described [29] .
The following ophthalmic examinations were performed at each visit: (1) best-corrected visual acuity, (2) intra-ocular pressure (IOP), (3) slit lamp examination, (4) fundus photography, and (5) fluorescein angiography (FA). FA was performed to screen for the presence of CNV or in subjects experiencing visual symptoms at any time during the study. Subjects with CNV were treated with laser, photodynamic therapy, or anti-VEGF intravitreal injections. 
Outcome Measures
The primary outcome of the current post-hoc sub-group analysis was drusen burden and progression, based on number, size, and area on fundus photography (dynamic remodeling of drusen) in subjects with neovascular AMD in one eye after receiving oral DHA or placebo over 3 years (i.e. different parameters were investigated in the same population of participants to the NAT-2 study [19] ).
For the purpose of the study, the Safety Set included those subjects who received at least one unit of study medication, with at least one post-baseline value for progression to CNV. Safety was assessed by determining ocular and systemic tolerance to study treatment and included slit lamp examination, evaluation of lens opacity, and measurement of IOP. The Full Analysis Set (FAS) included all subjects in the Safety Set with at least one post-baseline assessment of CNV). The Per-Protocol Analysis Set (PPAS) included those patients in the FAS population without a major deviation from the protocol.
Drusen Measurements and Dynamic Remodeling
The region studied was a central 6000 mm diameter circle, with inner (<1000 μm diameter), middle (1000-3000 μm diameter) and outer (3000-6000 μm diameter) subfields defined by the Wisconsin grading template [30, 31] . Drusen measurements from Visit 1 to Visit 5 were determined by fundus photography through the dilated pupil using a Topcon 501A CCD camera (Topcon, Tokyo, Japan) to record images centered on the macula. Uncompressed digital images in.tiff or.jpeg format were analyzed for quantification of drusen (Figs 2-5). After image enhancement, drusen were automatically detected, classified according to size and area, and quantified with sector localization as previously reported [30, 31, 32] . Before drusen segmentation, initial and final images were precisely registered as previously reported, with foveal co-localization and regions determined in an image stack by a single template in Adobe Photoshop (Photoshop 7.0, Adobe Systems Inc. San Jose, CA) for dynamic drusen remodeling assessment [28] .
The segmentation and registration techniques, although quite detailed mathematically, may be briefly described. The main challenge with automated drusen segmentation is compensating for the variable reflectance and illumination of the image background. Our solution is a process known as background leveling, which involves correction of the macular image in multiple regions, exploiting the specific geometry of macular reflectance, and is also quite general, with applications beyond the analysis of ophthalmic images [US Patent # 7,248,736 B2, July, 2007] [33, 34, 35] . For fundus photographs, we demonstrated that our mathematical model, consisting of quadratic polynomials in several zones with cubic spline interpolation in blending regions between the zones, could model the global macular image background of a normal photograph with sufficient accuracy to allow its reconstruction and leveling [33, 34, 35] . Finally, background leveling for a drusen image was combined with the well-known, histogram-based Otsu method [36] for background selection of input to the model and final threshold selection to achieve a largely automated method of drusen segmentation (Fig 2) [37] . This algorithm also extends to segmentation of reticular pseudodrusen aka reticular macular disease (Fig 3) , and to images with co-existent geographic atrophy (Fig 4) . This model has been tested for accuracy and has also been implemented in autofluorescence images [35, 38] . The model for automated drusen segmentation was developed within Matlab (Matlab 7.0; The Mathworks, Inc., Natick, MA) and the results are visualized in Adobe Photoshop, both of which are commercially available. We also applied it from a free-standing graphical user interface that does not require any other software.
For image registration and dynamic soft drusen remodeling measurements, each of the serial pairs of images was precisely registered by a completely automated technique based on a distinctive local feature descriptor (Intensity Invariant Feature Descriptor (IIFD)). These nonrigid transformations have been extensively validated on multimodal images, and are able to register an autofluorescence (AF), infrared (IR), color photographic or fluorescein angiographic (FA) image of a given eye to another such image of any of these types (AF to IR, color to FA, etc). The foveal locations then correspond, and a single circular template may be placed on the registered image stack in Photoshop for further analysis. In the case at hand, drusen segmentation on the initial and final color images was then performed as just described. Dynamic drusen remodeling measurements were made from the segmented images [28] . Thus, the dynamic change in drusen area was D1-D0, where D1 is the drusen area in the final image, and D0 is the drusen area in the baseline image. Drusen number and total diameter remodeling were measured analogously. Drusen remodeling variables of area, diameter and number were also calculated for each location (the inner, middle, and outer subfields, and the <6000 μm diameter field).
Geographic atrophy measurements were made from the same segmented images as analysis of drusen remodeling. Color fundus images from the final visit of patients with geographic atrophy served as a background on which an image stack in Photoshop was created. The images stacked were the drusen segmentation from the first visit, as determined by previously described methods, and highlighted atrophic areas, as determined by a single operator and reviewed by a second observer to limit intra-observer biases. Overlap placement of drusen from the first visit that were areas of atrophy by the final visit were highlighted in a third stacked layer in Photoshop. Measurements for pixel areas for each of these three layers were obtained and analyzed.
Statistical Analyses
Dynamic remodeling of drusen was only assessed in the population of subjects where CNV was not detected using high quality fundus photography in the study eye during the study duration. Therefore, drusen progression was analyzed in those subjects that did not develop CNV in the PPAS population, which included only the subjects in the FAS population (who received at least one unit of study medication, with at least one post-baseline evaluation) without a major deviation from the protocol, and not in all subjects in the Safety Set.
Difference in age and drusen characteristics (number, diameter and area on different locations, inner, middle, outer and all (<6000 μm diameter)) at baseline was compared for the two treatment groups (DHA vs. placebo) using Student's t Test. Drusen characteristics variables were previously log transformed (log(Y+c)). Difference for gender, smoking and CFH and ARMS2 polymorphims between DHA and placebo group was assessed by Chi² test. (Table 1) .
We compared drusen characteristics between baseline and 3 years according to treatment group (DHA vs. placebo) using paired T test. (Table 2) .
Associations of DHA supplementation with drusen remodeling were estimated using linear regression adjusted for age and gender. 3-year drusen remodeling data were used as the dependent variables and the treatment group (DHA or placebo), age and gender as the independent variables.
Because we studied 3 drusen characteristics in 4 different locations, we used the Bonferroni's correction for multiple tests; p<0.005 was considered as significant. (Table 3) .
Associations of 3-year drusen number, diameter and area remodeling in each location with socio-demographic and genetics characteristics were estimated using Pearson correlation for age, Student's t Test for gender and smoking and ANOVA for CFH and ARMS2 polymorphisms. (Table 4) .
Statistical analyses were performed using SAS 1 9.2 (SAS Institute Inc., Cary, NC, USA).
Results
Data Sets Analyzed
Among the 300 randomized subjects, a total of 298 subjects were included in the Safety Set (150 subjects in the DHA group and 148 in the placebo group). The FAS (all subjects in the safety set with at least one post-baseline assessment of CNV) consisted of 134 subjects in the DHA group and 129 in the placebo group. After exclusion of subjects with major deviations (mainly for premature withdrawal), the PPAS, those in the FAS population without a major deviation from the protocol that could jeopardize the primary outcome, included 121 subjects in the DHA group and 111 in the placebo group (Fig 1) . In the PPAS population, drusen progression was analyzed in those subjects that did not develop CNV, counting for overall 167 patients, 87 that received DHA and 80 that received placebo.
Socio-demographic and Other Baseline Characteristics Table 1 shows baseline characteristics in the two treatment groups. DHA and placebo groups were not statistically different in age (p = 0.13), gender (p = 0.09), smoking history (p = 0.95) or genetic polymorphisms for CFH and ARMS2 (p = 0.22 and p = 0.53, respectively). At baseline, drusen characteristics (i.e. drusen number, drusen diameter, drusen area) in each location (inner, middle, outer subfields, and the <6000 μm diameter field) were not statistically different between DHA and placebo group (p = 0.33 to p = 0.95).
Occurrence and progression of drusen Table 2 shows comparison of drusen characteristics between baselin and 3 years. None of the drusen characteristics, in any location, differed significantly after 3-years DHAsupplementation. Table 3 shows associations of DHA supplementation with drusen number, diameter and area remodeling in the inner, middle, and outer subfields and the <6000 μm diameter field. None of the drusen remodeling features, in any location, were significantly associated with DHA supplementation. Table 4 shows associations of 3-year drusen number, diameter and area remodeling with socio-demographic and genetic characteristics.
Drusen number remodeling was not significantly associated with age, gender, smoking, CFH or ARMS2 polymorphisms in any location. Drusen diameter remodeling in the inner subfield was significantly associated only with age: total drusen diameter in the inner subfield was more reduced in older patients (r = -0.17; p = 0.003). Women tended to show a greater reduction in total drusen diameter in the inner subfield with the CFH polymorphism (TT) genotype than with the heterozygous or homozygous risk alleles (CT\CC) (p = 0.03), Concerning drusen area remodeling, we found that drusen area in the inner subfield was also reduced in older patients (r = -0.17) and in women (p = 0.01), but these associations did not reach statistical significance. No association was found between any drusen remodeling variable in the middle or outer subfields or the <6000 μm diameter field and any socio-demographic and genetic characteristics (Table 4) .
We also analyzed drusen remodeling according to EPA and DHA measured in serum and in red-blood cell membranes. We found no significant results (data not shown).
Additionally, we analyzed drusen remodeling in concordance with development of geographic atrophy. Of the 167 patients that were analyzed for drusen progression, 16 patients had observer determined geographic atrophy develop by their final visit. From this subset, we obtained measurements of both the area of drusen present initially and geographic atrophy present finally along with their areas of coincidence (Fig 5) . The average initial total pixel area of drusen in these subjects was 7,062.47. The average total pixel area of geographic atrophy at the last visit was 10,585.07. However, the average proportion of this geographic atrophy resulting from former areas of drusen was only 13%. Conversely, only 15% of the total drusen area present in the first visit transformed into areas of atrophy. 
Discussion
Drusen in AMD are dynamic with regression of some drusen and formation of new drusen (that can occur simultaneously in the same macula) [27, 28] . DHA is a major lipid constituent (>50%) of photoreceptor membranes, where it plays a crucial role in maintaining their structural and functional integrity. An imbalance in retinal lipids may lead to photoreceptor degradation and accumulation of lipids and lipoprotein debris in the RPE layer and sub-RPE space (drusen, for example). For these reasons, in this post-hoc sub-group analysis we investigated whether DHA supplements might be capable of altering drusen morphology and influence AMD progression in a 3-year prospective, single-center, double-blinded, randomized, placebocontrolled trial. We selected a homogeneous group of 300 patients affected with exudative AMD in one eye and drusen in the study eye. Both treatment groups were comparable for socio-demographic characteristics and ocular characteristics of the study eye. Other clinical features (age, sex ratio, smoking status, family history) were characteristic of an exudative AMD population. DHA was given at a daily dose of 840 mg in the form of fish-oil containing a DHA:EPA ratio of 3:1 (3 capsules, equivalent to eating approximately 100 g of oily fish/day) for 3 years. This dose (1100 mg EPA+DHA) is about twice the recommended nutritional daily intake of EPA+DHA (500 mg) in France [39] , and corresponds to the total daily dosealthough with a higher DHA/EPA ratio-proposed in large randomized controlled trials using omega-3 fatty acids in the prevention of cardiovascular disease [31] . Overall, in our study, there was no significant difference in the progression of drusen number over three years between groups; of note a slight decrease in the drusen number in both groups in the outer diameter, and in the DHA group in the inner, outer and <6000 μm diameter (Table 2) . Also, the progression of the total diameter and area of drusen did not differ between groups.
The NAT-2 study primary outcome was incidence of CNV in the study eye between groups. Oral DHA did not significantly modify the incidence of CNV over 3 years compared to placebo [19] . Similarly, in the current post-hoc sub-group analysis, DHA did not significantly modify drusen remodeling over 3 years compared to placebo.
There have been several observational studies that suggest that nutritional interventions may reduce the incidence of AMD [17, 18, 40, 41, 42, 43] . Previous open-label studies also support the hypothesis that oral DHA supplementation may play a beneficial role in prevention of AMD [44, 45] . On the other hand, the recently published large, phase 3, Age-Related Eye Disease Study 2 (AREDS2) [46] , a follow-up study from AREDS1, evaluated the effect of carotenoids lutein and zeaxanthin as well as omega-3 fatty acids DHA and EPA on rate of progression to advanced AMD and/or moderate vision loss in people at moderate to high risk for progression. In contrast to evidence from most of the related literature, AREDS2 findings suggest that omega-3 does not prevent progression of AMD. To our knowledge, the NAT-2 study was the first randomized double-blind study exploring the potential role of a long-term oral PUFA supplement enriched in DHA over placebo in preventing CNV development and influencing dynamic drusen remodeling in a homogenous group of patients with a typical and severe form of AMD. Overall we found that the progression of total number, diameter and area of drusen did not differ between DHA and placebo groups.
It is believed that drusen disappearance is generally beneficial for the disease, but there are significant exceptions, as in the case of drusen regression followed by GA. Recent studies using color fundus photography have demonstrated spontaneous drusen regression; however, in conjunction with regression, new drusen in other locations may appear and grow in size [8, 9, 47] . To date, it is not completely known how the processes of drusen creation and absorption are related temporally and spatially, or to what extent they may be mutually exclusive or can occur simultaneously [28] . In our subset of patients who developed geographic atrophy, only a minority of the amount of drusen found in their first visit, 15%, was involved in GA development. Additionally, in the total amount of geographic atrophy only 13% was attributable to drusen regression. Thus, drusen regression in our study population, appeared to be largely a benign development. Further, drusen remodeling can be studied as an individual phenomenon or a group phenomenon. The purpose of averaging together (as done herein) the findings in a large group is to seek significant results that will have broad applicability. However, as evidenced by the large standard deviations in the measurements, there are clearly subpopulations with widely differing drusen remodeling. To address this, multivariate modeling was used to search for possible determinants of this variation such as gender, AMD risk allele status, etc. Indeed, many trends were found: all indices of drusen remodeling were more decreased in the central 1000 μm circle for women than men, and with increasing age. However, only decreasing drusen total diameter in this region with age was significant. Variability in a single individual is clearly not predictable. Furthermore, the relationship between drusen indices and disease progression can be quite complex. Thus, with evident disease progression as measured by growing drusen area, drusen coalescing could actually cause the measured drusen number to decrease. Therefore, care is indicated in the interpretation of all such data.
A potential criticism of this study could be the lack of corroborative imaging with spectral domain optical coherence tomography (SD-OCT), which has been used for drusen volume endpoints. However, there is little evidence that drusen volume is superior to drusen area as a metric for disease. In any case, they largely track together. The methodologies are closely correlated as metrics and in drusen detection capability are essentially equivalent: Interestingly, there are also specific drusen morphologies that are better detected with one method or the other. Nevertheless, precise data on drusen number, area, and diameter with a validated method as used herein have sufficiently addressed these questions.
DHA has direct anti-angiogenic properties in the retina [48] . Our previous findings support a direct anti-angiogenic role of DHA [19] , whereas the current findings do not support a role for DHA in slowing drusen occurrence and later AMD.
Our study has several limitations. Of the 300 enrolled subjects, only 167 patients (87 that received DHA and 80 that received placebo) in the PPAS population that did not develop CNV were analyzed for drusen progression, mainly because of patients' decision or other healthrelated constraints leading to interruption of their participation to the study before the first follow-up visit. This may have reduced the statistical power for detecting drusen progression and differences between the two groups. However, since percentage of subjects, and reasons for interrupting were similar in both groups, interruption is however unlikely to have introduced a bias in the estimation of the difference between the two groups. In addition, three years of follow up may have been too short to study drusen progression. Insufficient statistical power may explain the lack of association between DHA supplementation and drusen remodeling in this subsample. This is reflected by the wide of confidence intervals. For example, regarding drusen number in the <6000 μm diameter field (Table 3) , we cannot exclude that the true difference in drusen number may be as high as 37 (that is about 39% difference) between the placebo group compared to the DHA group. In conclusion, significant drusen dynamic changes in patients with exudative AMD in one eye and macular drusen in the other eye (study eye) over three years were only apparent in the inner 1mm subfield, and these all showed reductions in drusen load. Thus, a total drusen diameter reduction in the inner subfield was significantly associated with age. Women tended to show a greater reduction in total drusen diameter in the inner subfield with the CFH polymorphism TT genotype than with the heterozygous or homozygous risk genotypes. Drusen area in the inner subfield tended to show greater reductions in older patients and in women. DHA supplementation at a daily dose of 840 mg over 3 years in these patients had no effect over placebo on dynamic changes in overall drusen number, total diameter, and area. In summary, spontaneous dynamic drusen remodeling with net reduction in drusen load was found in the central macula. This reduction was correlated with increased age and female gender, and showed a tendency to be influenced by CFH genotype, but did not appear to be affected by DHA supplementation. Whether drusen load can be safely reduced by other interventions remains an open question. 
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